Introduction
At present, over 90% solar cells are silicon-based. However, the band gap of crystalline Si is as small as 1.1 eV, which is approximately 0.3 eV smaller than the ideal band gap suitable for solar cells from the view point of solar spectrum. In addition, the optical absorption coefficient is only 10 3 cm -1 at 1.5 eV. Thus, the optical absorption layers in crystalline Si tend to be much thicker than those in CIGS solar cells. Nowadays, thin film solar cells like CIGS and CdTe have been attracting more and more attention due to their high efficiency and low cost. Barium disilicide (BaSi 2 ) is a new kind of semiconductor material for thin film solar cells with a lot of advantages over other materials. The band gap of BaSi 2 was found to be about 1.3 eV [1] , which matches the solar spectrum much better than crystalline Si. Both theoretical and experimental researches have revealed that BaSi 2 has a very large absorption coefficient of approximately 10 5 cm -1 at 1.5 eV [1, 2] . Because of large conduction and valence band offsets at the BaSi 2 /Si interface [3] , a tunnel junction is necessary for carrier transport. In our previous paper [4] , we have grown undoped BaSi 2 layers by molecular beam epitaxy (MBE) at 600°C on a n + -BaSi 2 /p + -Si tunnel junction [5] , where Sb was used as an n + -type dopant [6] . The highest photoresponsivity, ever reported in semiconducting silicide films, was obtained for the undoped BaSi 2 layers on the tunnel junction. However, we found the significant diffusion of Sb atoms into the undoped BaSi 2 layer. Sb diffusion in the undoped BaSi 2 may increase the electron concentration in the layer, leading to the reduction of photoresponsivity due to shorter minority-carrier lifetime. Due to significant thermal diffusion of Sb in Si, it is known to be difficult to realize sharp profiles of Sb in Si [7] . Therefore, it is required to find a new growth method by which Sb diffusion can be suppressed while the crystalline quality of the BaSi 2 remains unchanged.
In this study, we developed a new growth method, that is, the insertion of intermediate Si layers between the n + -BaSi 2 /p + -Si tunnel junction, and investigated the effect of the Si layers on the suppression of Sb diffusion into the undoped BaSi 2 overlayers.
Experiment
An ion-pumped MBE system, equipped with standard Knudsen cells for Ba and Sb, and an electron-beam evaporation source for Si was used. After cleaning p + -Si substrate at 850°C for 30 min in ultrahigh vacuum, a thin BaSi 2 template layer was grown by reactive deposition epitaxy (RDE) at 550°C for 1 min [8] . Then an approximately 25-nm-thick Sb-doped n + -BaSi 2 layer was grown at 500°C for 10 min. After the substrate was cooled down to room temperature, a 10-nm-thick amorphous (a-Si) layer was deposited (samples B-E) on the n + -BaSi 2 layer, followed by annealing at 650°C for 1 min for crystallization (so-called solid-phase epitaxy, SPE) of the a-Si layers to crystalline Si (c-Si) layers. Then, 10-min RDE growth was carried out at 550°C to transform the c-Si layers to BaSi 2 . Lastly, approximately 150-nm-thick undoped BaSi 2 layers were grown by MBE at different temperatures. For comparison, sample A, grown without the SPE-Si layers was also prepared. Table I shows the growth parameters of samples. RHEED patterns were observed along Si[11-2] at each growth stage. The crystalline quality of the BaSi 2 films was characterized by θ-2θ X-ray diffraction (XRD). Secondary ion mass spectrometry (SIMS) was used to evaluate the Sb distribution in the grown layers. Figure 1 shows the depth profiles of Sb atoms in samples A and B. Since we didn't use a reference sample for Sb-doped BaSi 2 , the obtained Sb concentration can be used just semi-quantitatively. In sample A, grown at -1 3 6 5 - t e n d e d A b s t r a c t s o f t h e 2 0 1 1 I n t e r n a t i o n a l C o n f e r e n c e o n S o l i d S t a t e D e v i c e s a n d M a t e r i a l s , N a g o y a , 2 0 1 1 , p p 1 3 6 5 -1 3 6 6   L -3 -3 500°C without the SPE-Si layers, we can see a significant amount of Sb atoms in the undoped BaSi 2 layer, especially in the surface region. In contrast, in sample B, prepared using the SPE-Si layers, Sb concentration in the undoped BaSi 2 layer became smaller than the detection limit, meaning that the diffusion of Sb atoms was supressed effectively by the SPE buffer layer. In order to find the optimum MBE growth temperature, we compared the θ-2θ XRD patterns of samples B-E. Figure 2 shows the θ-2θ XRD patterns of samples B-E. No peaks other than those of (100)-oriented (a-axis) BaSi 2 such as (200), (400), and (600) planes can be observed, indicating that undoped BaSi 2 was epitaxially grown on the tunnel junction. The XRD intensities in sample E becomes much smaller than those in other samples, implying that the crystalline quality of BaSi 2 layers might be deteriorated quickly, when the MBE growth temperature decreased down to 440°C . Figure 4 shows the RHEED patterns of undoped BaSi 2 in samples B-E. In samples B-D, the BaSi 2 layers showed a spotty pattern with a weak ring structure, indicating that a-axis-oriented BaSi 2 epitaxial layers were dominantly grown on the Si SPE layer. However, when the MBE temperature decreased down to 440°C in sample E, the diffraction pattern was not clearly observed. On the basis of these results, it can be stated that both epitaxial growth of BaSi 2 and suppression of Sb diffusion below the SIMS detection limit were achieved when the MBE growth temperature for BaSi 2 was in the range of 460-500°C . 
Results and discussion
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Conclusion
We have successfully grown undoped BaSi 2 layers on the n + -BaSi 2 /p + -Si tunnel junction, by adopting a SPE-grown thin Si layer. SIMS depth profiles revealed that the diffusion of Sb atoms was effectively prevented by this layer. Both XRD and RHEED patterns revealed that BaSi 2 layers of good crystalline quality can be obtained at temperatures ranging from 460 to 500°C . 
